Background Because of incomplete ossification of the coracoid process and acromion, acromioclavicular joint configuration in the skeletally immature patient differs from that of adults. Although comparison to radiographic standards for this joint is critical in the evaluation of acromioclavicular joint injuries, these standards are not well defined for children or adolescents. Questions/purposes We therefore sought to determine (1) the reliability of numerous radiographic measurements of the skeletally immature acromioclavicular joint, including the vertical and shortest coracoclavicular interval, and the acromioclavicular joint offset; (2) the timing of ossification of the acromion and coracoid in males and females; and (3) the differences in the values of these radiographic measurements based on age and sex. Methods This study was based on a total of 485 subjects, 8 to 18 years old, who underwent conventional AP view radiographs of both shoulders. The 485 subjects were included to assess normal configuration around the acromioclavicular joint and 466 of these subjects were evaluated for comparison between both sides. The vertical and shortest coracoclavicular interval, coracoclavicular clavicle width ratio, acromioclavicular joint offset, and difference of the coracoclavicular interval of both sides were measured. A reliability test was conducted before obtaining the main measurements. The relationship of measurements with sex, age, and stage of ossification was evaluated.
Abstract
Background Because of incomplete ossification of the coracoid process and acromion, acromioclavicular joint configuration in the skeletally immature patient differs from that of adults. Although comparison to radiographic standards for this joint is critical in the evaluation of acromioclavicular joint injuries, these standards are not well defined for children or adolescents. Questions/purposes We therefore sought to determine (1) the reliability of numerous radiographic measurements of the skeletally immature acromioclavicular joint, including the vertical and shortest coracoclavicular interval, and the acromioclavicular joint offset; (2) the timing of ossification of the acromion and coracoid in males and females; and (3) the differences in the values of these radiographic measurements based on age and sex. Methods This study was based on a total of 485 subjects, 8 to 18 years old, who underwent conventional AP view radiographs of both shoulders. The 485 subjects were included to assess normal configuration around the acromioclavicular joint and 466 of these subjects were evaluated for comparison between both sides. The vertical and shortest coracoclavicular interval, coracoclavicular clavicle width ratio, acromioclavicular joint offset, and difference of the coracoclavicular interval of both sides were measured. A reliability test was conducted before obtaining the main measurements. The relationship of measurements with sex, age, and stage of ossification was evaluated.
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Introduction
Acromioclavicular joint dislocations are relatively common in young athletes [11] . Direct force caused by a fall or blow with the arm in the adducted position is the most common mechanism of injury. Approximately 9% of shoulder girdle injuries involve damage to the acromioclavicular joint, and a similar study showed that most acromioclavicular joint dislocations occur in adults in their 20s [10] . In pediatric patients, transphyseal fractures of the distal clavicle usually occur, rather than true acromioclavicular joint dislocation. Because the fracture may mimic an acromioclavicular joint dislocation, it often is called pseudodislocation of the acromioclavicular joint [3] . However, true acromioclavicular joint dislocation in skeletally immature patients sometimes may occur [2, 8] .
To diagnose acromioclavicular joint dislocations or pseudodislocations, physical examination and plain radiographs should be performed. These injuries most commonly are categorized according to the Rockwood classification system, which is composed of six types [7, 15] . This classification is based on the coracoclavicular interval and the relationship between the lateral end of the clavicle and the superior border of the acromion. Considerable research has been conducted on treatment outcomes of acromioclavicular joint dislocations based on this classification [10, 11] .
Understanding the normal configuration of the acromioclavicular joint is essential to diagnosing abnormalities. There are several studies regarding normal radiologic configuration of the acromioclavicular joint observed on conventional AP view radiographs of the shoulder [1, 5, 13, 16] . In adults, the normal acromioclavicular joint space is 1 to 3 mm wide [16] and diminishes with increasing age [13] . The average distance between the clavicle and coracoid process is between 1.1 and 1.3 cm [1, 5] . Bearden et al. [1] reported that an increase in the coracoclavicular distance of 50% more than the normal side meant complete coracoclavicular ligament rupture. However, because of incomplete ossification of the coracoid process and acromion, measurement values for adults do not apply to the skeletally immature patient. Therefore, acromioclavicular joint injury in the skeletally immature patient can be overdiagnosed and overtreated. Nevertheless, to our knowledge, there are few studies regarding determination of the normal configuration of the acromioclavicular joint on radiographs in skeletally immature patients.
We therefore sought to determine (1) the reliability of numerous radiographic measurements of the skeletally immature acromioclavicular joint, including the vertical and shortest coracoclavicular interval, and the acromioclavicular joint offset; (2) the timing of ossification of the acromion and coracoid in males and females; and (3) the differences in the values of these radiographic measurements based on age and sex.
Patients and Methods
This study was approved by the institutional review board at our institute. Informed consent was waived because the study was retrospective.
We evaluated the radiographs of consecutive subjects to determine their suitability for inclusion in this study. We considered the images of all patients between the ages of 8 and 18 years who had bilateral AP radiographs of the shoulder obtained at our hospital between May 2003 and November 2012. Radiographs taken with the patient in the standing position were included in our study. The exclusion criteria were: (1) fracture around the acromioclavicular joint: clavicle, acromion, and coracoid process; (2) proven acromioclavicular joint injury; (3) other diseases that might affect acromioclavicular joint configuration such as osteochondromatosis; and (4) inadequate shoulder radiographs for measurement.
We retrieved conventional AP view radiographs of both shoulders of 1506 children and adolescents 8 to 18 years old. After implementation of inclusion and exclusion criteria, a total of 485 subjects were included to assess normal configuration around the acromioclavicular joint (Table 1) and 466 subjects were evaluated for comparison between both sides (Fig. 1) . Shoulder radiographs were obtained using a UT 2000 x-ray machine (Philips Research, Eindhoven, The Netherlands) at a source-to-image distance of approximately 100 cm. Settings for the radiographs depended on the patient's body size: 58 kVp and 6.3 to 8 mAs for smaller patients and 60 kVp and 10 mAs for larger patients. All of the radiographs evaluated were frontal AP views of the shoulder. The right and left shoulders were examined separately. The subjects were not holding weights in their hands at the time that the radiographs were taken. All conventional radiographic images were acquired digitally, and measurements subsequently were made using a picture archiving and communication system (PACS; Infinitt, Seoul, Korea).
Consensus-building Session
Initially, we reviewed the literature to search the index for acromioclavicular joint dislocation. We conducted a PubMed search using the Boolean operator (OR) to combine the keywords (acromioclavicular joint injury [1, 5, 13, 16] . One of the authors (SYL) selected the items that he believed would be relevant to measure acromioclavicular joint dislocation. This literature suggested the coracoclavicular interval and gap of the acromioclavicular joint space as appropriate measurement methods for use on the AP shoulder view. Six orthopaedic surgeons with 25, 9, 7, 5, 4, and 3 years of orthopaedic experience held a consensusbuilding session before measuring the radiographs. As the literature did not describe the measurement methods in minute detail, the panel decided that the coracoclavicular interval would be measured by using two different methods: the vertical and shortest coracoclavicular intervals. The panel added the acromioclavicular joint offset and excluded the gap of the acromioclavicular joint because they believed that measuring the acromioclavicular joint gap was not appropriate in skeletally immature patients. Finally, the vertical and shortest coracoclavicular interval, acromioclavicular joint offset, coracoclavicular interval-clavicle width ratio, and difference in the coracoclavicular interval of both sides were chosen by panel consensus.
Evaluation of ossification of the acromion and coracoid process on conventional AP view radiographs of the shoulder was performed. Ossification was categorized into three groups: nonossification, partial ossification, and complete ossification. Nonossification was defined as an invisible secondary ossification center of the acromion or Fig. 1 The flow chart shows the process for subject selection.
coracoid process on radiographs (Fig. 2A) . Partial ossification was defined as a visible secondary ossification center incompletely fused with the scapula. A radiolucent line between the secondary ossification center and the scapula can be seen in the partial ossification group (Fig. 2B) . Complete ossification is defined as the secondary ossification center fused with the scapula (Fig. 2C) .
The coracoclavicular interval was measured by two different methods: the vertical coracoclavicular interval and shortest coracoclavicular interval. The vertical coracoclavicular interval was defined as length of the vertical line to the ground from the highest point of the superior cortex of the coracoid process to the inferior cortex of the clavicle (Fig. 3) . The other measurement method of the coracoclavicular interval was the shortest coracoclavicular interval defined as length of the shortest interval between the coracoid and the clavicle (Fig. 3) . The coracoclavicular interval could change according to age and body size. Thus, we measured clavicle width and calculated the ratio of the coracoclavicular interval to clavicle width. Clavicle width was measured at the intersection of the inferior cortex of the clavicle and lateral cortex of the second rib (Fig. 3) .
The acromioclavicular joint offset between the acromial tip and the clavicular tip also was measured. After making a horizontal line to the ground at the point of the superior tip of the acromion, a vertical line was made from the superolateral edge of the clavicle to the horizontal line (Fig. 3 ). In the case of nonossification of the acromion, the superolateral edge of the scapular spine was used instead of the acromion.
For comparing both sides of the coracoclavicular interval (vertical and shortest coracoclavicular interval), the difference of the two coracoclavicular intervals was divided by the shorter coracoclavicular interval. The measurements were documented as percent.
Reliability Test and Measurement of Parameters
After consensus building, a reliability test was conducted before the main measurements. Interobserver reliability was determined using intraclass correlation coefficients (ICCs) for the three orthopaedic surgeons (KHS, SYL, SHW) with 5, 4, and 3 years of orthopaedic experience, respectively. These three surgeons measured radiographs independently without knowledge of the findings of the other surgeons. Three weeks after measurements were taken by all three surgeons, one surgeon repeated the radiographic measurements to assess intraobserver reliability. After establishing the reliabilities, the main measurements were performed.
Statistical Analysis
In this study, reliability was assessed using ICC and a two-way random effect model, assuming a single measurement and absolute agreement [9, 14] . Using an ICC target value of 0.8, Bonett's approximation was used in setting 0.2 as a width of 95% CIs [4] . The minimal sample size was calculated to be 36. Therefore, the sample size of a reliability test in this study was set at 40 to select subjects equally from each sex and age group. Four subjects (two males and two females) were randomly selected from each age group (for ages 8.0-18.0 years, 1-year interval).
For the purpose of statistical independence, except the measurements that are compared with the contralateral side, only data from the right shoulder in each patient were included for statistical analysis [12] .
To determine the timing of the ossification center of the acromion and coracoid process, multinomial logistic regression was used. The Pearson correlation coefficients were used to determine the correlation between age and measurements on the radiographs. Two-way ANOVA was used to determine whether there was a difference between sex and age group in measurements. The 100-quantiles were calculated to determine the normal value of the coracoclavicular interval. Statistical analyses were performed using SPSS Version 20.0 for Windows (SPSS, Inc, an IBM Company, Chicago, IL, USA). Null hypotheses of no difference were rejected if p values were less than 0.05.
Results
Intraobserver and interobserver reliabilities of measurements were the highest for the shortest coracoclavicular interval (ICC, 0.984 and 0.934) followed by the vertical coracoclavicular interval (ICC, 0.971 and 0.918). Intraobserver and interobserver reliabilities of measurements were the lowest for the acromioclavicular joint offset (ICC, 0.569 and 0.543) ( Table 2) .
The ossification center of the acromion appeared in females earlier than in males. Complete ossification of the acromion also occurred earlier in females than in males. In males, the ossification center of the acromion occurred at 11 to 18 years and fused from 13 years. Complete ossification of the acromion had not occurred in four of 55 (7.3%) males in the oldest age group (17-18 years). In females, the ossification center of the acromion occurred at 9 to 15 years and fused from 13 to 16 years (Fig. 4A ). In the secondary ossification of the coracoid process, the same phenomenon was observed. In males, the secondary ossification center in the coracoid process occurred at 12 to 17 years and fused from 13 years. Complete ossification of the coracoid process had not occurred in four of 55 (7.3%) males in the in the oldest age group (17-18 years). In females, the secondary ossification center in the coracoid process occurred at 12 to 15 years and fused from 13 to 16 years (Fig. 4B) . Of the 485 subjects, 37 (7.7%) showed partial ossification of the acromion with nonossification of the coracoid process on radiographs, while only two (0.4%) subjects showed nonossification of the acromion with partial ossification of the coracoid process. This suggests that partial ossification of the acromion tends to develop earlier than partial ossification of the coracoid process. However, 7 (1.4%) subjects had complete ossification of the acromion with partial ossification of the coracoid process, while 28 (5.8%) subjects had partial ossification of the acromion with complete ossification of the coracoid process. This shows a tendency for complete ossification of the coracoid process to be achieved earlier than the acromion. Males had substantially larger values than females for the vertical coracoclavicular interval (8.6 versus 7.9 mm), shortest coracoclavicular interval (7.8 versus 7.2 mm), and acromioclavicular joint offset (6.4 versus 6.0 mm) (Fig. 5 ). There were no differences in coracoclavicular-clavicle width ratio and coracoclavicular interval for both sides ( Table 3) . As children grew older, there were increasing patterns of clavicle width and a decreasing pattern of vertical coracoclavicular interval-clavicle width ratio (Pearson correlation coefficients, À0.436; p \ 0.001), the shortest coracoclavicular interval-clavicle width ratio (Pearson correlation coefficients, À0.446; p \ 0.001), and acromioclavicular joint offset (Pearson correlation coefficients, À0.410; p \ 0.001). The average of the vertical coracoclavicular interval was 8.6 ± 2.3 mm in males and 7.9 ± 2.1 mm in females. In males, the vertical coracoclavicular interval was less than 11 mm in the 90% quantile of all subjects and 12 mm in the 95% quantile of all subjects. In females, the vertical coracoclavicular interval was less than 10 mm in the 90% quantile of all Fig. 4A -B Timing of ossification of (A) the acromion and (B) coracoid process according to sex was analyzed using multinomial logistic regression. The ossification center of the acromion and coracoid process appeared earlier in females than in males. Complete ossification was achieved earlier in females than in males. Complete ossification of the acromion and coracoid process was not achieved in males by 18 years of age.
subjects and 11 mm in the 95% quantile of all subjects ( Table 4 ). The vertical coracoclavicular interval was affected only by complete ossification of the coracoid process. There was no difference between the nonossification and partial ossification groups in vertical coracoclavicular interval, whereas the shortest coracoclavicular interval was affected by the secondary ossification center of the coracoid process ( Table 5 ). The difference in vertical coracoclavicular interval of both sides was less than 50% in 436 of 466 (93.4%) patients and 60% in 450 of 466 (96.6%) patients. The difference in the shortest coracoclavicular interval of both sides was less than 50% in 420 of 466 (90.1%) patients and 60% in 440 of 466 (94.4%) patients (Table 6 ).
Discussion
Acromioclavicular joint dislocation sometimes may occur in skeletally immature patients. Although comparison to radiographic standards for this joint is critical for evaluation of acromioclavicular joint injuries, such standards are not well defined for children and adolescents. We therefore sought to determine (1) the reliability of numerous radiographic measurements of the skeletally immature acromioclavicular joint, including the vertical and shortest coracoclavicular intervals and the acromioclavicular joint offset; (2) the timing of ossification of the acromion and coracoid in males and females; and (3) the differences in the values of these radiographic measurements based on age and sex.
The limitations of this study should be addressed before discussing these findings in detail. First, this study is retrospective. All subjects were patients who visited our institution for evaluation of issues with the upper extremity. There could be differences from the general population. However, we excluded all patients with any conditions that could affect the anatomy of the shoulder. Therefore, we believe that our results are representative of normal values measured on conventional radiographs of the shoulder. Second, this is not a comparative study. We assessed the normal value of anatomic configuration around the acromioclavicular joint. Therefore, further evaluation comparing normal values with measurement values of patients with acromioclavicular joint dislocation is needed. Third, most of the patients included in this study were Korean. Owing to potential differences in average skeletal size between Asian and Western populations, the values of the absolute measurements (such as the coracoclavicular interval) obtained in our study could differ from the values of the Western population. In this study, the differences in body size were adjusted based on the coracoclavicular interval-clavicle width ratio and the differences in the coracoclavicular interval between both sides. We thought the ratio reflected the patient's body size. However, as the children grew older, the ratio decreased with the increase in the clavicle width. Therefore, we believe that the differences in the coracoclavicular interval between both sides can be applied to Western populations. Further evaluation comparing interracial shoulder anatomy is required. Reliability is used to describe the overall consistency of a measure. It is an important concept in medical practice because it can be used to reduce errors during diagnostic evaluations, during the analysis of responses to questionnaires, and even during surgical procedures [9] . Various statistical methods can be used to test reliability according to the characteristics of the data. The ICC is commonly used to determine the test reliability of continuous variables. According to the reliability test of our study, all measurements except the acromioclavicular joint offset showed excellent intraobserver and interobserver reliabilities. The acromioclavicular joint offset generally is used to diagnose and classify acromioclavicular joint dislocation in adults [11] . However, relatively low intraobserver and interobserver reliabilities of the acromioclavicular joint offset (ICC, 0.569 and 0.543) may lead to a misdiagnosis of acromioclavicular joint dislocation in skeletally immature patients. Therefore, we believe that the acromioclavicular joint offset should not be used to diagnose acromioclavicular joint dislocation in skeletally immature patients.
Secondary ossification centers of the scapula have been described by Caffey [6] . He reported that multifocal secondary ossification in the acromion occurred at 15 to 18 years and fused from 18 to 19 years. A secondary center in the coracoid process occurred in the superior margin at 15 to 17 years and fused to the scapula between 18 and 21 years. In our study subjects, secondary ossification centers of the acromion and the coracoid process occurred and fused earlier than reported by Caffey. In addition, there were differences in timing of secondary ossifications of the acromion and the coracoid process according to sex. In females, the secondary ossifications occurred and fused earlier than in males (Fig. 4) .
Previous studies showed that the average distance between the clavicle and coracoid process is between 11 and 13 mm in adults [1, 5] . The measurement method was not described in these studies. We measured the coracoclavicular interval with two different methods, vertical and shortest coracoclavicular intervals. Our results showed that the vertical (8.6 ± 2.3 mm in males, 7.9 ± 2.1 mm in females) and the shortest coracoclavicular intervals (7.8 ± 2.2 mm in males, 7.2 ± 2.2 mm in females) were narrower than the coracoclavicular interval in adults. In our study, the coracoclavicular interval was affected by the ossification stage of the coracoid process. However, the vertical coracoclavicular interval was not affected by partial ossification of the Values are mean ± SD; * significant difference from nonossification of the coracoid process based on Bonferroni's multiple comparison test. coracoid process. We thought that the shortest coracoclavicular interval was more affected by the ossification stage because the secondary ossification center appeared on the superomedial side of the coracoid process on radiographs. We believe the vertical coracoclavicular interval is more applicable in measuring the relationship between the coracoid and clavicle in skeletally immature patients. Fewer than 10% quantile of patients had a vertical coracoclavicular interval greater than 11 mm in males and 10 mm in females. Additional evaluations should be considered in patients with these criteria. The differences in the coracoclavicular interval of both sides were not affected by sex or age. This is a simple method used to evaluate acromioclavicular joint dislocation for children and adults. The results of our study were consistent with the results of a previous study [1] for adults. Further evaluation should be considered when there is a 50% increase in the interval more than the normal side with clinical symptoms around the acromioclavicular joint.
To the best of our knowledge, normative values for the common radiographic measurement techniques in children and adolescents have not been reported. In the current study, we suggest several measurement values of the acromioclavicular joint of the shoulder measured on conventional AP shoulder radiographs in 8-to 18-year-old children and adolescents. We found the vertical coracoclavicular interval to be the best measurement parameter to assess acromioclavicular joint dislocation in skeletally immature patients.
Comparison of both sides of the acromioclavicular joint could help to inform physicians in predicting the need for additional evaluations. For skeletally immature patients with greater than a 12-mm vertical coracoclavicular interval in males, 11-mm vertical coracoclavicular interval in females, and a 50% increase in coracoclavicular interval more than the normal side on a conventional AP view radiograph of a shoulder, additional evaluation, such as stress view radiography or CT, and treatment should be considered, as an acromioclavicular joint dislocation is likely in that situation. In addition, physicians should be careful not to overdiagnose acromioclavicular joint dislocation in skeletally immature patients with a large acromioclavicular joint offset because the acromioclavicular joint offset is wider in younger patients and has relatively low intraobserver and interobserver reliabilities.
